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ABSTRACT 
In the last decade, fluorescence resonance energy transfer (FRET) has become a useful technique 
for studying intermolecular interactions applied to the analysis of biological systems. Although 
FRET measurements may be very helpful in the comprehension of different cellular processes, it 
can be difficult to obtain quantitative results, hence the necessity of studying FRET on controllable 
systems. 
Here a fuzzy nanostructured system called a nanocapsule is presented as a nanometric-device 
allowing distance modulation, thus preserving photophysical properties of fluorescent dyes and 
exhibiting good potential features for improving quantitative FRET analysis.  We evaluated the 
behaviour of such a sample using four FRET methods (three of them based on steady-state 
fluorescence and one using lifetime measurements). Within some limitations that can be overcome, 
these nanodevices have the potential to serve as a benchmark system for characterizing new FRET 
couples and to develop quantitative approaches for FRET analysis. 
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INTRODUCTION 
 
Forster fluorescence resonance energy transfer (FRET) (Forster, 1948) is increasingly being used to 
study cellular processes to overcome limitations imposed by diffraction when considering 
intermolecular interactions (Periasamy and Day, 2005). In facts, FRET allows localized molecular 
interactions that otherwise could not be distinguished with a conventional optical microscope when 
they take place at distances that are below the instrument resolution (200-300nm).  
The physical phenomenon is based on the radiationless energy transfer from one molecule, called 
donor, to another, known as the acceptor (Forster, 1948; Stryer, 1978).  Since the process is based 
on dipole-dipole interaction between two molecules, the efficiency of the energy transfer, E, 
depends on the inverse of the sixth power of the distance r and this makes crucial the occurrence of 
a short distance in the 1-10nm range (Gordon et al. 1998).  Distance is not the unique FRET 
condition to be satisfied: there must be a considerable spectral overlap (>30%) between donor 
emission spectrum and acceptor absorption spectrum; there is a dependency on the donor-acceptor 
transition dipole orientations and on the donor quantum yield. All these conditions are hidden in R0, 
the Forster radius, representing a characteristic parameter of any FRET couple, defined as the 
distance at which the efficiency is 50%. When all these conditions are experimentally satisfied, one 
should observe a donor fluorescence intensity decrease and a simultaneous acceptor fluorescence 
intensity increase under appropriate donor excitation. Donor and acceptor emitted intensities are 
generally used to quantify the energy transfer. 
Although the process of FRET has been known for the past 50 years, only recently has this method 
become prevalent as a useful tool in fluorescence microscopy (Periasamy and Day, 2005). As well, 
confocal and two-photon excitation fluorescence microscopy (Diaspro, 2001; Elangovan et al., 
2003) are exploiting such a phenomenon to improve their impact in several research areas. The 
increased utilization of the method pushed to further study the various different aspects involved in 
the FRET-image interpretation as triggered by the variety of applications. In general, FRET 
interpretation is hampered by photobleaching, autofluorescence, and in particular by the so called 
spectral bleed through (SBT) which is due to the spectral overlap. Two main cases are worth of 
consideration: DSBT and ASBT (what are these?  Should be written in full). The former is due to 
donor molecules which can directly emit in the acceptor channel whereas the latter is related to 
acceptor molecules which can be directly excited at the donor absorption wavelength. Both DSBT 
and ASBT have implications for the interpretation of a FRET image and the subsequent 
determination of the FRET efficiency (Elangovan et al., 2003). Nowadays, a variety of algorithms 
has been developed to overcome these problems. They are largely based on sensitized emission 
measurements to correct fluorescence intensities introducing other information (e.g. sample 
characteristics, dyes concentrations).  Other techniques involve ratiometric analysis on the 
assumption that SBT is independent on fluorophore intensity (Berney and Danuser, 2003).  
When performing experiments on intramolecular FRET samples where both donor and acceptor 
are part of the same fusion protein and therefore are expressed at the same concentration, 
or at single molecule level situation, this is less complicated than when we want to investigate 
intermolecular interactions by FRET. In this last case everything is more difficult and one can not 
neglect the problem of stoichiometry (Kenworthy, 2001): there may be donor molecules that do 
not interact with an acceptor molecule, donor molecules that interact with one acceptor molecules 
and donor molecules that interact with several acceptor molecules. So, when one is interested in a 
qualitative FRET ananlysis, intensity methods are generally appropriate whereas when one needs a 
quantitative analysis, a precise knowledge of the FRET couple becomes mandatory.  From all these 
considerations it arises the relevance of studying FRET-imaging on a controllable sample before 
moving toward the complex and intricate framework related to living cells applications. It is 
therefore important to try to elucidate the processes involved in FRET measurements in order to 
determine real FRET efficiencies and hence to determine affordable donor-acceptor distances. 
In order to characterize FRET imaging we considered a physical object to be potentially used as a 
model system that is endowed of some interesting properties, namely: nanometric control and 
modulation of donor-acceptor distance, preservation of the photophysical properties of fluorescent 
dyes, possibility of changing the external conditions in order to suit well cell condition. In order to 
satisfy these requirements we decided to use a nanostructured system made by layer by layer 
assembly of oppositely charged polyelectrolytes (Decher, 1997) onto a core (Donath et al., 2000). 
Such systems are known as nanocapsules (Mohwald, 2000). These samples can be obtained by the 
sequential adsorption of two different polyelectrolytes of opposite charge (PAH, PSS) on a CaCO3 
core (Diaspro et al. 2002). The thickness of one single layer forming the nanocapsule is around 2-
2.5 nm depending on building conditions and the nanocapsules can be fluorescently labeled in a 
controlled way with different fluorophores (Diaspro et al., 2002). 
 
MATERIALS AND METHODS 
 
Fluorescent Nanocapsule preparation 
FRET samples comprised nanocapsules built through a layer by layer technique (LbL) with the 
adsorption of two polyelectrolytes of opposite charge on a core (Fig. 1A) (Decker, 1997, Antipov et 
al. 2002, Chodanowski and Stoll, 2001, Donath et al. 2000, Fery et al. 2001, Kitamura 2001). We 
used different kind of cores: cubic or peanut-shape CaCO3 crystals, round shape CaCo3 amorphous 
and melamine formaldeide colloids. The polyelectrolytes used for layer deposition are PAH 
(PolyAllylamideHydrocloride), 15KDa, and PSS (PolyStireneSulfonate), 70KDa in a 0.5M NaCl 
salt solution to induce a random coil structure (Diaspro et. al. 2002). 
The fluorescent dyes were previously bound to PAH. Different FRET couples have been realized, 
namely: Fitc-Alexa594, Alexa488-Alexa594, Cy3-Cy5. We started inserting the dye-bound layers 
from the fifth layer in order to reach a more stable polyelectrolyte organization: we first inserted 
one transparent (without fluorophores) layer between donor and acceptor molecules to move to an 
icreasing number of transparent layers in order to modulate donor-acceptor distances and hence 
determining different FRET efficiencies (Fig. 1B).  
 
Imaging 
We used a LEICA TCS SP2 AOBS spectral confocal laser scanning microscope (Leica 
Microsystems, Germany) using Leica objective 100X oil, NA=1.4. Donor excitation for FITC and 
Alexa488 was achieved by using an Argon-ion laser 488nm laser line; for acceptor excitation (5 
mW). Alexa594 fluorescence was primed by a green He-Ne laser (1,2mW) 543 nm laser line; Cy3, 
donor, was excited with the He-Ne laser 543nm laser line while Cy5, acceptor, was excited with the 
red He-Ne laser 633nm laser line. Acquisition channels were selected in the range of dye emission 
spectra, namely: Fitc CHD 510-540nm, Alexa594 CHA 610-640nm, Alexa488 CHD 510-540nm, 
Cy3 CHD 560-590nm, Cy5 CHA 660-690nm. To determine FRET efficiencies we used steady state 
methods: we compared acceptor photobleaching method with “eliminatingSBT” method. We also 
checked nanocapsule behaviour through spectral analysis and FLIM measurements. FLIM 
measurements were performed using a white-light supercontinuum (McConnell 2004) as the 
excitation source coupled with time-correlated single-photon counting (TCSPC) electronics (Becker 
W. et al 2006). We coupled the Leica TCS SP2 AOBS with the supercontinuum source through the 
external laser line port using a home made beam delivery optical set-up. The supercontinuum 
source was created by pumping a 2 metre long section of highly nonlinear photonic crystal fibre 
(PCF) using an ultra-short pulsed laser source.  The pump laser source was a fs-pulsed Ti:Sapphire 
laser (Chameleon, Coherent) tuned to a wavelength of 804 nm (McConnell, 2005).  This source 
delivered an average power of approximately 1.1 W at this wavelength, with a pulse repetition 
frequency of 80 MHz.  The source was propagated through a Faraday isolator to minimise etalon 
effects that otherwise disrupted mode-locking and was focused into the PCF using a miniature lens 
of focal length f=3.1 mm.  The PCF (NL-PM-750, Crystal Fibre) was used to generate the 
supercontinuum and the resultant white-light was collimated using another miniature lens (f=4.5 
mm).  The supercontinuum spanned from approximately 400 nm through to the infrared, with an 
average power across the spectrum in excess of 150 mW.  To select the wavelength range for 
FLIM, high-quality narrow-band optical filters were used.  Within a 10 nm bandwidth, over 3 mW 
of average power was available for excitation of the fluorescent molecules.   
 
Acceptor Photobleaching method. 
Where all acceptor molecules are destroyed by photobleaching, donor molecules will no more be 
involved in the energy transfer: it should be observed an increase in the donor fluorescence intensity 
(Karpova et al. 2003). Analysing donor fluorescence intensity before (IDA,pre) and after the complete 
photobleaching (IDA,post) of the acceptor molecules is possible to quantify E: 
 
 
 
 
In order to obtain real FRET efficiency it is important to make some kind of controls: for example 
observing the intensity variations of non-bleaching regions and controlling background. It is also 
necessary to pay attention on possible donor intensity variations during the bleaching step that could 
lead to incorrect FRET efficiencies. 
The effectiveness of this method relies on the speed of acquisition. It is a real time method with 
scope for observing and quantifying FRET during the acquisition. Moreover we need only one 
sample to perform measurements. 
We performed acceptor photobleaching using the maximum excitation power for each acceptor 
laser line reaching a complete acceptor photobleaching in a range of 1 to 10 min depending on the 
stability of the fluorophore: 543nm laser line (100%) for 12min to bleach Alexa594, 633nm laser 
line (100%) for 1min to bleach Cy5. 
 
Method of Eliminating Spectral-Bleed-Through  
The algorithm used is the one implemented by Elangovan et al. (2003).  This method is based on the 
acquisition of seven images in order to correct errors due to SBT (corrections based on single-
labelled reference samples) and to find a real FRET efficiency (Elangovan et al. 2003). It is 
necessary to prepare three classes of samples: one containing only donor molecules, a second one 
with only acceptor molecules, and a third one built with both types of fluorophores.  
Establishing the level of SBT in the single-labelled samples, with a pixel by pixel 
fluorescence analysis, it is possible to find out correction factors and applies these values 
to the appropriate matching pixels of the double-labelled sample. In this way it is possible 
to determine a processed FRET image corrected for SBT: 
 
 
 
The FRET efficiency is determined by: 
 
 
 
 
 
where DD and AA are donor and acceptor channel spectral sensitivity, respectively while 
QD is donor quantum yield and QA is acceptor quantum yield. To quantify the FRET 
efficiency it is necessary to acquire the seven images with the same gain, but this is not 
always possible and due to the non linear response we had to normalize images before 
)1(1 ,,
,
,
preDApostDA
postDA
preDA III
IE
(2)pFRET uFRET DSBT ASBT
1 (3)DA
DD D
DA
AA A
IE QI pFRET
Q
applying the SBT corrections. Such algorithm has been implemented using C-language on 
a PC work-station. 
 
Spectral Analysis 
It is also possible to verify the presence of FRET from spectral analysis. Firstly, by collecting the 
donor emission spectrum it is possible to observe the occurrence of the acceptor fluorescence. The 
presence of this second peak only infers that there could be FRET, but it it is also possible that this 
is due to an excitation of the acceptor molecules directly with the donor excitation wavelength. 
Using again the acceptor photobleaching method and observing the increase of the donor peak, we 
can immediately discriminate between direct excitation and FRET (Thaler et al 2005, Raicu et al. 
2005). 
Emission spectra were collected exciting the donor molecules at 543nm (laser power, 20%) 
acquiring the fluorescence spectrum from 550nm to 700nm with a band width of 5nm. As a control 
we also collected acceptor emission spectra exciting at 633nm (laser power, 15%) collecting the 
fluorescence from 650nm to 750nm, band width of 5nm (for the acceptor photobleaching 
parameters see acceptor photobleaching method). 
 
 FLIM Measurements 
The FRET efficiency can be also determined through fluorescence lifetime microscopy (FLIM): in 
the presence of the acceptor, in fact, donor lifetime decreases as the molecule has another route to 
reach the ground state transferring energy to the acceptor (Becker W. 2005). To quantify the FRET 
efficiency we can simply compare donor lifetime in the presence ( DA) and in the absence ( D) of 
the acceptor: 
1 (4)DA
D
E
 
The capability of FLIM to separate the fluorescence components of the non-interacting and 
interacting donor fractions means that (4) has to be applied to the lifetime of the interacting donor 
fraction giving an E, and consequently a distance that is independent of the fraction of interacting 
donor. 
One of the most interesting advantages of FRET-FLIM measurements rely on the fact that lifetime 
is not affected by spectral contamination, SBT is independent on intensity, hence fluorescence 
lifetime is not affected by changes in probe concentration or excitation intensity. 
 
 
RESULTS AND DISCUSSION 
 
We performed a first set of measurements on 8-layers nanocapsules inserting one transparent layer 
between donor and acceptor, hence labelling the Vth layer with the donor molecules and the VIIth 
layer with the acceptor molecules. We determined the FRET efficiency for different FRET couples 
in order to investigate the stability of our model system (a non dependence on the fluorescent dyes 
used) through intensity based measurements (Fig2).   
 
FRET couple R0 (Å) E (%) r (Å) 
Fitc-Alexa594 60 29 ± 7 69 ± 5 
Alexa488-Alexa594 60 23 ± 5 74 ± 4 
Cy3-Cy5 54 30 ± 5 62 ± 7 
 
Table 1 FRET efficiencies and distances determined for three different FRET couples. 
 
The FRET efficiencies were computed using eliminating SBT– software using eq. (2) and the 
distances were obtained using the knowledge of R0 (30-40 capsules observed for each FRET 
couple). As it is presented in Table 1 we found comparable donor-acceptor distances. Since for this 
set of measurements we inserted one transparent layer (approx. thickness 25Å) (Diaspro et al., 
2002) and we have a random coil structure, the donor-acceptor distance is expected to vary from a 
minimum value of 25Å and a maximum value of 75Å (theoretical thickness of three layers, see Fig. 
1B). We found an average donor acceptor distance of nearly 68Å. We also checked these 
behaviours using different kind of cores (round shape melamine formaldeide colloids, cubic and 
peanut-shape crystals) in order to exclude a dependence on the shape of the capsule.  
Then we tried to compare eliminating SBT method with acceptor photobleaching method. 
Unfortunately, for some kind of capsules, i.e. the first two FRET couples, we could not determine 
the FRET efficiency due to donor photobleaching. In fact, Alexa594 is a very strong dye so we took 
up to 10min to completely photodestroyed acceptor molecules while FITC is a much weaker dye, 
and donor molecules underwent photobleaching avoiding the possibility of following a significant 
increase in the donor intensity (Fig. 3A). We could not overcome this very same problem of donor 
photobleaching also for the couple Alexa488-Alexa594. 
Cy3 and Cy5 instead are quite the opposite, i.e. a strong donor and a weak acceptor: so we could 
perform acceptor photobleaching in less than a minute avoiding donor photobleaching and 
observing an increase in the donor intensity (Fig. 3B). With these acceptor photobleaching 
experiments we determined a FRET efficiency of (28±4)%, in agreement with the one found with 
eliminating SBT method (see Table 1, last line). 
 
In another series of experiments, FRET was investigated through spectral analysis combined with 
acceptor photobleaching method. We checked the energy transfer in the same kind of capsules 
(8layers, 1 transparent layer) labelled with Cy3 and Cy5. Comparing the donor emission spectrum 
before and after the complete acceptor photobleaching (acquired in the very same conditions) it’s 
possible to observe a significant change of the donor pick depending on the energy transfer (Fig. 
4A). To control the amount of bleaching we collected acceptor emission spectra before and after 
acceptor photobleaching (Fig. 4B). For this kind of sample (Cy3-Cy5, one transparent layer) we 
determined a FRET efficiency of (29±5)% in agreement with the FRET efficiencies found with the 
other methods. We controlled non bleaching region to exclude any possible change in fluorescence 
due to other phenomena than FRET. This points out about the possibility of using nanocapsules for 
calibrating spectral methods. 
 
Then we performed another set of experiments using FLIM to get a better insight on the fluorescent 
nanocapsule system. Through FLIM we first measured donor lifetime on nanocapsules built with 
only FITC, then with nanocapsules with both donor and acceptor molecules (Fitc-Alexa594, one 
transparent layer). We combined FLIM acquisition with the acceptor photobleaching method. We 
expected to find a less donor lifetime in the presence of the acceptor and after the complete acceptor 
bleaching to recover a lifetime comparable to that one of the donor alone (Chen et al. 2003, Duncan 
et al. 2004). Hence we computed the FRET efficiency according to eq. (4). To determine D we 
fitted the curves with a single exponential (the value refers to an average lifetime on 20 capsules 
with only the donor molecules), while for DA we used a bi-exponential (the value refers to an 
average lifetime of the interacting donor component on 18 capsules). 
 
D Fitc 1.96±0.12 ns 
DA Fitc-Alexa594 pre bleach 1.28±0.06 ns 
D Fitc-Alexa594 post bleach 2.02±0.14 ns 
FRET efficiency 35±4 % 
 
Table 2 Donor lifetime in the presence (pre bleach) and in the absence (Fitc alone and post bleach) of the acceptor and 
the resulting FRET efficiency. 
 
Unfortunately, at the current stage, we are not able to define how many acceptor molecules a donor 
molecule interacts with (fig 1B). 
Through intensity-based methods it is not possible to observe differences due to stoichiometry 
problems; FLIM, instead, allows us to recognize the possible inhomogeneity. This is a crucial step 
for the feedback in the realization of fluorescent nanocapsules to be used as FRET couple 
benchmark. In fact, a multi exponential behaviour (fig. 5) shows that the FRET efficiency of the 
individual donor molecules is different. This may be due to different orientation of the fluorescent 
molecules entrapped into the polyelectrolyte layers. It is worth noting that even if we can model our 
nanocapsule layers as surfaces, they are constituted by fuzzy structures that permit different 
molecule orientations. Moreover, the observed inhomogeneity could also be due to variations in the 
number of acceptor molecules a donor molecule interacts with. In this case the FRET efficiency is 
affected by the concentration of the acceptor molecules. Hence it is pointed out the necessity of 
improving the nanocapsule structure as a model system. It is mandatory to control the concentration 
of the fluorescent molecules layer by layer. For example, with more stretched layers - a less random 
coiled structure can be obtained through a less salt concentration. In this case, we could entrap the 
fluorescent molecules in such a way to have a FRET interaction close to 1 to 1 in terms of acceptor 
and donor. 
 
Even though we envisage further improvements, we can currently conclude that the nanocapsules 
show a good response as a model system: we compared four methods to find out a FRET efficiency 
and we determined similar results with almost all the methods.  
Hence we thought to use these capsules as a device to characterize each unknown FRET couple: 
determining the FRET efficiencies at different donor-acceptor distances and plotting E vs r it is 
possible to determine R0 hence completely characterizing the FRET couple. 
We used the couple Fitc-Alexa594 labelling the Vth layer with the acceptor molecules (Alexa594) 
and the VIIth layer with the donor molecules (Fitc).  
By varying the number of transparent layers between donor and acceptor we determined the 
following values: 
 
Transparent layers E (%) r (Å) 
1 29 ± 7 69 ± 5 
3 17 ± 6 78 ± 4 
5 4 ± 2 109 ± 8 
 
Table3 FRET efficiency  vs donor-acceptor distance  
 
When inserting 3 transparent layers we are out from the FRET distance condition so it is not 
possible to fit the data for determining R0. With a less random coil structures (varying the salt 
concentration from 0.5M to 0.01M), we will build polyelectrolyte systems that should be more 
stretched, i.e. having a layer thickness less than 2.5nm. This will allow a more characterization of 
couples of fluorescent dyes for intermolecular FRET experiments. 
 
Furthermore these fuzzy structures could be also helpful in the comprehension of the trend of the 
system, to understand how the system deviate from a standard behaviour, a random system that, 
remember, suits well a cell. As a last remark, we want to stress the fact that the FLIM approach, 
also bringing the lifetime information, is a key method for refining our system. 
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          Fig. 1A Capsule preparation (LbL) 
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      Fig.2  Seven images acquired for eliminating SBT, capsules labelled with Fitc and Alexa594. 
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    Fig. 3A Acceptor photobleaching method applied on  
           capsules labelled with Fitc and Alexa594. There 
           is no FRET due to donor photobleaching 
 
 
    Fig. 3B Acceptor photobleaching method applied on  
           capsules labelled with Cy3 and Cy5. There is a  
         significant donor increase in the bleaching region 
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        Fig. 4 Emission spectra exciting donor (A) and acceptor (B) molecules on capsules labelled  
    with Cy3 and Cy5 (one transparent layer)  
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       Fig. 5 FLIM measurements on capsules labelled with Fitc alone and together  
             with Alexa594, one transparent layer  
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